Abstract-The stability of the grid-connected inverters adopted in distributed energy resources (DERs) highly depends on the characteristics of the grid impedance. Hence, various active damping methods and adaptive control algorithms have been proposed for the control of the grid inverters. Differently from those existing solutions, this paper proposes to use a smart transformer (ST) to shape the grid impedance to interact with the controllers of local inverters, aiming at improving the stability of the local controllers as well as the overall grid. A main advantage of this solution is that it offers a pervasive service to all the available DERs, reducing the cost and design effort of the local controllers. Three active damping methods are presented in this paper and the implementation issues in the ST LV-side voltage controller are given. Moreover, the design criteria of the active damping methods considering the control performance of ST and the stability requirements of local DERs are presented. Analysis and experiments are carried out to verify the effectiveness of the proposed solution.
I. INTRODUCTION
T HE penetration of distributed energy resources (DERs) is growing rapidly in distribution grids and microgrids. Being affected by the control dynamics and switching techniques, the stability problems arise, which can be studied by smallsignal analysis [1] , [2] . In the context, the stability of an electric grid dominated by the grid inverters has drawn wide attention, particularly focusing on the topics including system modeling [3] , control and filter design [4] , stability assessment [5] , etc.
One important aspect determining the stability of grid inverters is the ratio of grid impedance to inverter impedance [3] , [6] . Once the inverter impedance is fixed, the variation of grid impedance would incur stability issues and lead to the performance degradation of the overall grid. With this consideration, in a traditional distribution grid, one possibility is to design an appropriate inverter impedance that can adapt to a certain range of grid impedance variation [7] - [9] . On the other hand, the newly proposed smart transformer (ST) concept provides another possibility to mitigate the stability issues of the grid inverters [10] . The ST is a solid-state transformer adopted as an intelligent substation with control and communication functionalities. One scenario is to adapt the dynamic properties of the ST in order to interact with the grid inverters of DERs. Like the active dampers [11] , which can reshape the equivalent grid impedance to the paralleled grid inverters at same PCC, the idea is to directly reshape the grid impedance by means of the ST that is connected to the LV ac grid in series, aiming at modifying the relationship between grid impedance and inverter impedance so that the ST can facilitate the stabilization of all local grid inverters as well as the whole grid. Compared to the traditional decentralized stabilization solutions, the reshaping of the ST output impedance is expected to be an indispensable service provided to all the available DERs and inverter-interfaced loads with "plug-and-play" functionality. It can avoid complex control/computation and measurements being implemented locally, and therefore it reduces the cost of the DERs. Rather than designing a robust local control system, the ST can rapidly adjust the grid profiles to meet the evolving and unpredictable requirements from utility and local customers.
In general, the objective of this paper is to propose a centralized stabilization scheme by means of ST to address instability caused by inverter-interfaced DERs. To show the superiority of the proposed scheme, this paper begins with a comparison between a traditional grid and an ST-fed grid and their stability analysis are given by using Nyquist stability criterion. To support the proposed schemes, three active damping methods are presented and implemented in the ST LV-side voltage controller to interact with the grid inverters so that the potential stability problems could be solved. To study the effectiveness of the proposed schemes and active damping methods, both experimental verification and benchmark grid evaluation by using a real-time power system (RTDS) simulator have been carried out. It is known that the flexible alternating current transmission system is one of the most efficient alternatives in transmission system against power system problems [12] , while using an ST in power grids makes it possible to facilitate system operation in MV/LV distribution gird. The paper structure is organized as follows. The stability issues of the traditional transformer-fed grid and the ST-fed grid are given in Section II. In order to flexibly stabilize the grid, in Section III, three active damping methods are presented and implemented in the ST, aiming at reshaping the impedance of the ST so that the holistic stability margin of the ST-fed grid is improved. Comprehensive design criteria of the proposed solutions are demonstrated in Section IV. Experimental and RTDS results are provided in Section V to verify the effectiveness of the proposed solutions. Conclusions are drawn in Section VI.
II. STABILITY ISSUES IN LV DISTRIBUTION GRIDS
This section describes the stability issues of grid-connected inverters in a traditional power transformer-fed grid and an STfed grid.
A. Stability Issue of a Traditional Transformer-Fed Grid
In a traditional transformer-fed grid, the DERs are controlled as a constant power/current source and the grid can be represented by a Thévenin circuit [see Fig. 1(a) ]. The grid inverter is connected to the point of common coupling (PCC) through an output filter, and synchronization and a power/current controller are necessary to regulate the output power/current of the DER. To investigate the influence of the grid impedance on the grid inverter, a schematic diagram of a current-controlled grid inverter with an LCL filter considering the grid impedance is shown in Fig. 1(b) . The grid impedance Z eq g is coupled to the closed-loop system. G ci is the transfer function of the current controller, G d represents a one-and-half-sample computational and pulse width modulation (PWM) delay, Y Lf = 1/L f f s, Y gf = 1/L gf s, Z cf = 1/C f s are the admittance of the inverterside inductor and the grid-side inductor, and the impedance of the capacitor of the LCL filter, respectively. Based on Fig. 1(b) , the open-loop transfer function is In practical cases, Z eq g would vary in a certain range depending on the grid configuration in terms of cable length, power transformer parameter, and loads as well as "plug-and-play" devices [13] . Thus, the stability margin of (1) would change. An example of the stability of grid inverter under different grid impedance conditions is studied and the corresponding Bode diagram is shown in Fig. 2 . In this case, a proportionalintegral (PI) controller is employed as the current controller, an LCL output filter with the parameters of L f f = 5.03 mH, L gf = 0.5 mH, and C f = 10 μF is used, and two different grid impedance are considered. Initially, the current control system considering Z eq g = 0.00025 · s + 0.15 (X/R ratio is 0.5) is designed with a phase margin of 49.5
• (red curve in Fig. 2 ). When the grid impedance changes, the stability of the control system cannot always be guaranteed. From the Bode diagram, it is seen that a −180
• crossing occurs at the neighborhood of the resonant frequency where the magnitude is positive, when a different grid impedance is considered, for example, X/R ratio is 5, shown by the blue curve in Fig. 2 . As a result, the stability of a grid-connected inverter cannot always be guaranteed in a traditional transformer-fed grid, even if it is designed with an acceptable stability margin. To address this issue, advanced control algorithms for DER inverters have been proposed in the literature, aiming at better adapting to various grid conditions. The mathematical expressions of the interaction between the DER impedance and the grid impedance was first presented in [7] , giving clear guidelines of inverter impedance shaping in a certain frequency range. Further work pointed out that by using active/passive damping methods [8] , the grid inverter impedance can be optimized, largely avoiding instability. Moreover, adaptive control is another strong candidate to shape online the inverter impedance based on the real conditions of the grid impedance. For example, in [9] , an adaptive control strategy based on online grid impedance measurement is able to improve the system stability and adapt to variable feeder impedance. The passivity-based control of the grid inverters is another promising way to evaluate the system stability and offer general guidelines to properly shape the inverter impedance [14] , [15] . 
B. Stability Analysis of an ST-Fed Grid
The ST is a three-stage solid-state transformer that adapts voltage between MV and LV grids while providing ancillary services to both utility and customers [10] , for instance, voltage and current profiles improvement, balancing services in MV and LV grids, and stability improvement. The basic control structure of a three-stage ST is shown in Fig. 3 . On the MV side, the ST controls the current from the MV grid to satisfy the active power request from the load and the reactive power request for the ancillary service. The dc/dc stage deals with the balancing between the two stages, namely the power flow between the MV grid and the LV grid. Due to the presence of dc-links, the power flow between MV and LV grids is decoupled, allowing the independent control of both side grids. On the LV side, the ST regulates the voltage waveforms on the LV grid while additional services can be offered by means of voltage control. Since the main purpose of this paper is to study the stability issue of LV grid, the other two stages and the rest of the grids are not taken into account, thanks to the decoupling characteristic. To simplify the analysis and control design, the LV dc-link voltage is assumed to be constant.
The main objective of the LV-side dc/ac converter is to control the voltage waveforms independently from the systems connected to the distribution grid and other disturbances. The detailed control diagram of the LV-side dc/ac converter is depicted in Fig. 4(a) , in which an LC filter is utilized as the ac-side output filter, Y Lf f and Z cf f are the admittance of the LC inductor and the impedance of the LC capacitor, respectively, G v i and G d are the transfer functions of the voltage controller, and the computation and PWM delay. Two voltage feedforward schemes are commonly used in voltage-controlled applications to offer better performance [16] , [17] , which are the measured voltage feedforward (as the solid line) and the reference voltage feedforward (as the dash line). Depending on different voltage feedforward schemes, the equivalent output impedances of the ST are written by Z eq st ILP (s)
where Z eq st m f and Z eq st rf are the equivalent impedances of ST with measured voltage feedforward and reference voltage feedforward, respectively. Ignoring line impedance, the equivalent grid impedance Z eq g of the ST-fed grid equals Z eq st m f or Z eq st rf , depending on the voltage feedforward schemes.
Considering the local DER inverter uses the same control strategy of Fig. 1(a) , the schematic diagram with the consideration of Z eq g shown in Fig. 1(b) is still valid. By substituting the equivalent impedances of (2) and (3) into (1), the open-loop transfer functions of DER inverter considering the ST impedance can be obtained. Likewise the traditional grid, the stability of DER inverters is dependent on the equivalent ST/grid impedance. In order to reveal the potential instability in an ST-fed grid, two unstable cases are studied taking into account two different voltage feedforward schemes. The open-loop Bode diagrams of the DER inverter with Z eq st m f and Z eq st rf are shown in Fig. 4(b) , in which the stability issues are different. For the ST LV converter with reference voltage feedforward (red curve), the connected DER inverters are more likely to suffer from the resonance issue because the critical point only appears in the high-frequency range. On the other hand, when the ST LV converter utilizes measured voltage feedforward (blue curve), the influence of the ST output filter is introduced and the connected DER inverters are subject to both resonance issue and harmonic instability [18] , represented by oscillation and low-order harmonic distortion.
III. ACTIVE DAMPING-BASED STABILIZATION METHODS
One distinguished feature of ST is to reshape its output impedance and therefore accordingly modify the equivalent impedance of the ST-fed grid. As soon as the stability issues are detected, the ST impedance will be reshaped by means of voltage control, whereas the grid impedance Z eq g are being changed as well. According to (1) , the changing of Z eq g leads to the alteration of phase margin of the DER inverter, which in fact offers a possibility to stabilize the DER inverters connected to the grid.
Two types of active damping methods are used aiming at reshaping the ST output impedance properties and stabilizing the grid-connected inverter of DER: First, for the ST LV converter with reference voltage feedforward, the multiloop-based active damping, which is able to reshape the impedance within the Nyquist frequency [19] , and second for the ST LV converter with measured voltage feedforward, the filter-based active damping, which can adapt the impedance in certain frequency band [20] . From the analysis of Section II-B, it is known that the stability issues are subject to low-order harmonics and resonance. To identify the issues, a discrete Fourier transform (DFT) can be adopted and easily implemented into the voltage control shown in Fig. 5 . In case the harmonic contents of the load current exceed the threshold i h , the proposed active damping methods will be switched on. The detailed schematics of active damping methods are given and discussed in the following section.
A. Multiloop-Based Active Damping
When the reference voltage feedforward is applied to the ST LV converter, the critical point usually situates at the resonant frequency, which could incur resonances of the LV grid. One of the intuitive solutions to address the stability issues related to the resonance is to use multiloop active damping method. For the voltage-controlled applications, an inductor current inner-loop is usually employed and the schematic diagram is shown in Fig. 5(a) , in which k c is the inner-loop gain. When the resonance is detected by the DFT, i.e., the harmonic contents of i o exceed the threshold at the resonant frequency, the inductor current inner-loop will be activated. As the gain of the inner-loop essentially introduces a virtual resistor to the system, the resonance peaks of both the ST converter and the DER inverter can be alleviated when a reasonable damping ratio is given. Based on Fig. 5(a) , the equivalent output impedance of the ST LV converter is given in (4). Substituting (4) into (1), the transfer function of the DER grid inverter considering the effect of the grid impedance can be obtained, and the Bode diagram is shown in Fig. 6(a) . To better evaluate the performance improvement, the dynamic response of the DER inverter connected to an ST-fed grid without the active damping method is shown by the red curve as well. It is worth to mention that both the control system of ST LV-side converter and the one of DER inverter are predesigned with sufficient stability margins. From Fig. 6(a) , if the active damping method is not used, it is seen that there is a positive −180
• crossing in the neighborhood of the resonant frequency when the magnitude is above 0 dB (red curve). Hence, it indicates that the system is unstable according to the Nyquist stability criterion. After the inner-loop-based active damping is plugged in, it is seen that the resonance peak of the DER inverter has been damped and therefore the −180
• is crossed only once while the magnitude at that point is negative. Therefore, a stable operation is achieved in this case (minimum phase margin is 64.4
• ). The impedance properties of the ST LV-side converter are shown in Fig. 7(a) . The red curve represents the equivalent impedance of the ST without any active damping method, whereas the blue curve represents the impedance with the innerloop-based active damping. It is shown that the impedance magnitude at the resonant frequency of the ST converter is reduced and the others at the low-order harmonic range are suppressed as well, whereas the impedance magnitude in the low-frequency range has been amplified. From the point of view of ST voltage control, a smaller impedance at the resonant frequency is beneficial to alleviate the resonance issues. However, the impedance increases in the low-frequency range could deteriorate the control accuracy. A tradeoff between the damping effect and the voltage control performance is hereby necessary.
B. Filter-Based Active Damping
When the measured voltage feedforward is applied to the ST LV converter, the critical points lie not only in the resonant frequency but also in the low-order harmonic range, which leads to harmonic instability. A practical technique to address the resonance/harmonic-related stability issues is to use the filterbased active damping methods. Compared to the multiloopbased active damping, the filter-based methods preserve the closed-loop bandwidth so that the control performance can be maintained [20] . With these considerations, LPF-and LEFbased active damping methods are considered in the following scenarios. Both methods can damp the resonance peak and modify the magnitude and phase of certain frequency band so that they are able to mitigate both the critical points shown in Fig. 4 . In addition, considering robustness, LPF and LEF are not sensitive to the variation of resonant frequency. To well tune the filter parameters, an estimator of the resonant frequency of the LV grid by means of frequency sweeping (e.g., [21] , [22] ) is needed for ST. As shown in Fig. 5(b) and (c), the ST LV-side converter is able to excite the resonance of LV grid by generating harmonic voltage perturbations within the whole frequency range. The detected resonant frequency is adopted by the LPF and the LEF for the parameters tuning. The optimal ranges of two filters' parameters regarding the resonant frequency are given in Section IV.
An LPF attenuates the magnitude and introduces a phase delay in a frequency band above its cutoff frequency. These two features can be beneficial to shape the ST equivalent impedance in the band around the resonant frequencies of an ST converter and a DER inverter. Fig. 5(b) shows the schematic diagram of the ST voltage control with the LPF-based active damping. Once the harmonic stability or the resonance is detected by the DFT, namely the harmonic contents of i o exceed the threshold at the interested frequencies, the measured voltage feedforward with an LPF will be implemented. Based on the schematic diagram, the ST equivalent impedance is given in (5) and the transfer function as well as the Bode diagram [show in Fig. 6(b) ] of the DER grid inverter considering the grid impedance can be obtained by combining (1) and (5). Here, a second-order LPF is adopted, the transfer function of which is given by
where ω c is the cutoff frequency and D = 1/ √ 2 is used in the study. Assuming the resonant frequency of the LV grid ω res is known, ω c = 0.75ω res is chosen in this case. It is observed from Fig. 6(b) that the LPF-based active damping is able to introduce a phase delay in the low-frequency range and attenuate the resonance peak of DER inverter (the peak at 3350 Hz). As a result, the −180
• crossing in the low-frequency range is shifted outside the frequency band with a magnitude above 0 dB and the resonance peak of DER inverter is damped with a negative magnitude (blue curve). A stable operation is achieved in this case (minimum phase margin is 63.5
• ). The impedance properties of the ST LV-side converter are shown in Fig. 7(b) , in which the original properties are well maintained within the entire Nyquist frequency. Thus, the LPF-based active damping method can hold the characteristics of the original ST voltage control system, and this is especially beneficial for the fundamental voltage control and low-order harmonic elimination.
An LEF introduces a phase lead in a certain frequency band. By using the LEF-based active damping, the impedance properties of ST in the phase-lead-compensation frequency band can be reshaped. The schematic diagram of the ST voltage control with the LEF-based active damping is depicted in Fig. 5(c) . As soon as the harmonic stability or the resonance is detected, an LEF will be plugged into the voltage control forward channel. The equivalent ST output impedance is given in (6) based on Fig. 5(c) . The transfer function of the DER inverter considering the effect of the grid impedance can be obtained by substituting (6) into (1), and its Bode diagram is shown in Fig. 6(c) . Here, the transfer function of LEF is given by
where ω f and α determine the phase-lead-compensation frequency band and the phase-lead-compensation angle, respectively. A relation α = tan( • . ω f = 0.55ω res is chosen in this case. It can be seen in Fig. 6(c) that the LEF-based active damping changes the phases of the phase-lead-compensation band and damps the resonance peaks. Due to the phase change, it causes the phase response crossing −180
• away from the critical frequency range and stabilizes the overall system (minimum phase margin is 87.4
• ). The impedance properties shown in Fig. 7(c) shows that the LEF-based active damping can damp the resonance of the ST converter and maintain the control characteristics except the phase-lead-compensation band.
IV. DESIGN OF ACTIVE DAMPING PARAMETERS
The active damping proposed in the literature is usually used to suppress the resonance and improve the stability margin of inverter-interfaced DER. Design criteria have been given to achieve these targets [20] , [23] . Nevertheless, the active damping methods being implemented in the ST LV inverter aims at a different target. Instead of stabilizing one DER itself, the main purpose is to stabilize all the DER inverters in the LV grid by means of ST. As a result, the stability of the DER grid inverter is the basic criterion. In addition, there are other demands being taken into consideration, for example the bandwidth and control accuracy of the ST. In general, the influence of the active damping on the ST control is another main concern because a stiff ST voltage is the key factor of the ST-fed grid operation. Therefore, the parameters of the active damping (e.g., k c , ω c , and ω f ) are tuned considering two criteria: the parameters are effective enough to stabilize the DER inverters; and the original control properties of the ST voltage control in terms of dynamics and steady-state control accuracy should fulfill the grid requirements and should not be affected by the active damping methods. To avoid the impacts of other instability factors, a predesign of the ST LV-side voltage controller and the DER current controller was carried out, ensuring phase margins between 45
• and 60 • .
A. Multiloop-Based Active Damping
The choice of the inner-loop gain is a typical tradeoff between the stability requirement of DER inverter and the control accuracy of ST LV-side converter. As pointed out in Section III and seen in Fig. 7(a) , the introduction of the current innerloop dramatically reshapes the equivalent ST output impedance. With the increasing of k c , the equivalent impedance of the lowfrequency range increases accordingly, which will amplify the disturbances and harmonics [19] . The pole-zero map of the DER inverter including the effects of grid impedance is shown in Fig. 8(a) , where k c increases from 1 to 75. It can be seen that a pair of unstable poles are moved from the right-half plane to the left, proving the improvement in stability. In addition, the pole-zero map of the ST converter using the inner-loop-based active damping is shown in Fig. 9(a) . It is seen that the control bandwidth increases whereas the damping ratio decreases by increasing k c . To sum up, a higher k c results in a more stable DER grid inverter but compromises the control performance in terms of low-frequency disturbances and harmonics rejection. In a practical ST-fed grid, the value of k c should therefore be limited in order to guarantee good voltage waveform that can meet the requirements of the grid codes.
B. Filter-Based Active Damping
Different from the multiloop-based active damping, the LPF-based active damping changes the equivalent ST output impedance in a limited way. Especially in the low-frequency range, both the magnitude and phase response of the impedance remain the same as the one without damping. A pole-zero map of the DER inverter considering the grid impedance effects is presented in Fig. 8(b) , in which the cutoff frequency ω c changes from 0.65ω res to 0.95ω res . It is seen that two pairs of unstable poles move from the right-half plane to the left, whereas other two pairs of stable poles are shifted toward the imaginary axis, when ω c increases. From the pole-zero map of the ST converter using LPF-based active damping, shown in Fig. 9(b) , it can be seen that the control bandwidth of the ST increases when ω c increases, indicating a higher ω c offers the ST better voltage dynamics. In summary, the stability requirement of the DER inverter is the main index for the tuning of ω c . All the dominant poles of the DER inverters must be in the left-half plane away from the imaginary axis. From the pole-zero maps, ω c of [0.75ω res , 0.9ω res ] is preferred to be the optimal range. The optimal range of the cutoff frequency can be used in conjunction with the resonant frequency obtained from the resonance estimator [illustrated in Fig. 5(b) ], enabling the adaptive feature to the variation of LV grid.
The LEF-based active damping changes the magnitude and phase of the equivalent ST output impedance within the phaselead-compensation frequency band. To mitigate the impact on the low-frequency range (usually up to 750 Hz), the phase-leadcompensation frequency ω f should be higher than this range. Nevertheless, a higher ω f could lead to instability of the DER inverter, seen from the pole-zero map shown in Fig. 8(c) . In this map, two pairs of poles move toward the imaginary axis till the right-half plane, when ω f increases from 0.25ω res to 0.5ω res . Meanwhile, from the pole-zero map of the ST converter using LEF-based active damping shown in Fig. 9(c) , it is observed that the control bandwidth, damping factor, and stability margin of the ST voltage control system reduce significantly when ω f is increasing. With these considerations, provided ω f is higher than the frequency of interested in the low-frequency range, the lowest ω f would be expected to provide good ST control performance and stabilization effect. From the pole-zero maps and the requirements of the application, ω c of [0.35ω res , 0.45ω res ] is chosen to be the optimal range, and can be used together with the resonant frequency obtained from the resonance estimator [illustrated in Fig. 5(c) ].
In general, both LPF-and LEF-based active damping methods can achieve comparable performance with the optimal parameters. The design of the LPF is much easier than that of the LEF and meanwhile the influences of LPF-based active damping on the ST performance is minor. On the other hand, the LEF-based active damping shows better damping effects on resonances. To summarize, the LPF-based active damping method is recommended in the harmonic instability condition, whereasin some severe cases in which both resonance and harmonic distortion occur, the LEF-based active damping method can be an efficient alternative.
V. VERIFICATION RESULTS
To better study the stability issues of an ST-fed grid, a simplified ST-fed power system consisting of two commercial inverters and linear load has been developed in the laboratory (shown in Fig. 10 ). The validity of the proposed active damping methods has been experimentally verified by the setup. Furthermore, a CIGRÉ 18-Bus benchmark microgrid (shown in Fig. 11 ) has been implemented in a RTDS simulator, with the ST being 
A. Simulation Results
The resonance estimation method of Fig. 5 is tested by MAT-LAB/Simulink with the aid of the PLECS tool box. The system configuration of Fig. 10 is used, and the system parameters are listed in Table I . The frequency sweeping is implemented in the voltage control of ST to detect the resonant frequency of LV grid, with an magnitude of 0.5 p.u. harmonic injection and the frequency variation of 23 550 rad/s. The sweeping frequency and the corresponding LV-side current are shown in Fig. 12 . It can be seen that the resonance of the LV grid is excited by the method at 3450 rad, which can be used in the parameter tuning of the filter-based active damping. 
B. Experimental Verification
To validate the effectiveness of the proposed methods, an ST-fed grid is tested in the experimental setup. The system configuration of Fig. 10 is taken, and the current control scheme of Fig. 1(b) and the voltage control schemes of Fig. 4 (a) are implemented in the DER grid inverter and the ST LV-side converter, respectively. Two Danfoss FC302 inverters are used: one for the ST LV-side converter, and the other for the grid-interfaced inverter of DER. A dSPACE 1006 is used to achieve the voltage/current control strategies as well as the proposed stabilization solutions in real time. The system parameters are listed in Table I . Two standard PI controllers are employed as the current controller G ci and the voltage controller G v i . A predesign of both G ci and G v i is carried out to make sure the stability margins of the DER inverter (standalone) and the ST LV-side converter (without DER inverter being connected) are between 45
• and 60
• . Two case studies are carried out to test the effectiveness of the active damping-based stabilization solutions. First, when the reference voltage feedforward is applied to the ST, an unstable case in terms of resonance occurs. From Fig. 13(a) , it is seen that both the ST LV-side voltage and the DER output current are oscillated initially. To mitigate this issue, the inner-loop-based active damping of Fig. 5(a) is utilized at 0 s (the switch signal of active damping is plotted by the red curves in all the cases). Both the oscillations of the ST voltage and the DER current are well damped as soon as the damping is enabled. For better comparison, the zoomed figure of the resonating condition and the stable condition are shown at the left side and the right side, respectively. Second, when the measured voltage feedforward is applied to the ST, an unstable case in terms of harmonic distortion takes place. From Fig. 13(b) , it can be seen that both the ST LV-side voltage and the DER output current are unstable and highly distorted at the very beginning. At 0 s, the LPF-based active damping method of Fig. 5(b) is activated in the ST. It can be seen that both the ST voltage and the DER current are effectively stabilized and both waveforms recover their nominal states with good power quality in very short term. The stabilization effect can also be achieved by the LEF-based active damping method of Fig. 5(c) . In Fig. 13(c) , the LEF-based active damping method is activated in the ST at 0 s, and both the ST LV-side voltage and the DER current are immediately stabilized and quickly recovered to their nominal states. The zoomed figures of the harmonic instability condition and the stable condition are shown at the left side and the right side, respectively. 
C. Benchmark Grid Evaluation in RTDS
A CIGRÉ 18-Bus benchmark grid (shown in Fig. 11 ) is employed and simulated in RSCAD, the RTDS software. The cable configuration including cable types and lengths of the benchmark grid are presented in Tables II and III . The LV side of ST is connected to Bus R01, being the voltage source of the benchmark microgrid. Two grid-inverter-interfaced DERs are connected to the Buses of R16 and R18, and their nominal power ratings are 25.68 and 17.98 kVA, respectively. To meet the modern grid codes, the reactive power injection of DER is considered, and the power factor (PF) of both grid-interfaced inverters is 0.95 in this study. The control strategies mentioned in Section II have been used in the case study. Note that the stability margins of the ST (without DER being connected) and the DERs (standalone) are designed to be between 45
• . Several constant power loads are connected to the Buses of R11, R15, and R16, and their power ratings are 50, 5, and 5 kVA, respectively, with PF equal to 0.99.
First, the reference voltage feedforward is applied to the ST, when DERs are connected to the grid, leading to an unstable case in terms of resonance (shown in Fig. 14) . At 0.175 s, the multiloop-based active damping of Fig. 5(a) is activated. It can be seen that the voltage oscillation of Bus R01 is damped immediately and the resonances as well as oscillations of the DER connected to the Buses of R16 and R18 are stabilized within a few cycles (less than 100 ms).
Second, the measured voltage feedforward is employed by the ST. The instability is featured by low-order harmonic distortion of voltage and current when two DERs are connected to the grid (shown in Fig. 15 ). At 0.175 s, the filter-based active damping of Fig. 5(b) is implemented in the ST control, which turns out in the fact that the harmonic distortions as well as oscillations of both voltage and current are phased out in about two cycles (less than 50 ms). The results show that the proposed active damping methods can stabilize the benchmark grid under various conditions, in particular the ancillary services (such as reactive power compensation) are offered by the local DERs.
VI. CONCLUSION
In this paper, the stability issue of grid-connected inverter in an ST-fed grid was studied and three active damping methods were proposed and implemented in the ST to stabilize the grid inverter as well as the grid. The proposed active damping methods implemented in an ST were able to reshape the equivalent grid impedance. Implementing the active damping in a centralized way, this procedure can effectively improve the stability of the DER grid-connected inverters and meanwhile reduce the design effort of the local control systems. Comprehensive control design and analysis were presented in this paper, considering the control performance and stability of the DER and the ST. Case studies of the proposed active damping methods in an ST-fed microgrid were performed in both the experimental platform and the RTDS. The results prove the effectiveness of those methods in dealing with the resonance and instability issues.
